We consider the poorly studied before non-diffusive energy transport solutions to the solar abundance problem. We find the additional energy flux inside the Sun required to reconcile the Standard solar model with helioseismology. An example of an extension of the Standard model is suggested which can provide for this flux.
Introduction
Now, half a century after the establishment of the Standard model of particle physics, nobody doubts there is physics beyond it. The main evidence came from the neutrino oscillation experiments, originally from the solar neutrino studies [1] . Compelling reasons for the investigation of different extensions of the Standard model are provided by many astrophysical observations, which favour the existence of yet unknown particles [2] [3] [4] [5] [6] [7] . In this work we aim to study the discrepancies between our theoretical understanding of the Sun and the observational data, namely the solar abundance problem [8] , assuming they are a possible indication of the physics beyond the Standard model. An important difference with respect to the other similar investigations is that we start with the experimental data and study what general requirements the model must satisfy in order to fit the data. This part of our work has its own value and can be used independently to build the particle physics model which describes the structure of the present-day Sun. In the other part of our article we give an example of such a model.
Solar abundance problem

Standard solar model
The theoretical description of the Sun is based on the Standard solar model [9] . This model describes the evolution of the macroscopic and microscopic solar parameters defined at every point inside the Sun via a system of algebraic and differential equations comprising the equations of hydrostatic equilibrium, continuity, production and transport of energy, thermonuclear reactions, elemental diffusion and the equation of state. One assumes that the Sun is a ball with the fixed mass which was initially chemically homogeneous. Rotation and magnetic fields are not accounted for. Standard solar model has several unknown parameters that are tuned to fit the well-known values for the solar mass, luminosity, radius, age and surface metallicity. These tuned parameters are the initial chemical composition of the Sun and the mixing length -phenomenological parameter of the convection model. Apart from them, the result of the modeling contains the radial distributions (further profiles) of luminous flux power, temperature, density, pressure, mass and concentrations of chemical elements inside the present-day Sun, as well as the values for the solar neutrino fluxes, depending on the parent nuclear reaction. The last thoroughly elaborated Standard solar models are so-called B16 models of the Barcelona group [9] . Every solar model reproduces the following inner structure of the Sun. In the centre there is a core, the densest and the hottest region of the Sun, where thermonuclear reactions produce power equal to the solar luminosity. Luminous flux corresponding to that power is transported to the outer layers by diffusion through the so-called radiative zone. At some point the temperature gradient falls low enough for plasma to become convectively unstable and the heat transfer becomes convective. Convection zone extends up to the solar surface.
Let P (r), M (r), L(r), T (r), ρ(r) be the profiles of pressure, mass, luminous flux power, temperature and density inside the Sun, respectively. The main macroscopic equations of the Standard solar model are: where G is a gravitational constant; a = 4σ, where σ is the Stefan-Boltzmann constant; ∇ ad = ∂ ln T ∂ ln P S is the adiabatic gradient; ∇ rad ≡ 3κLP 16πaGM T 4 . The energy production rate (gr, ν) and the opacity κ are the functions of density, temperature and chemical composition. The function defines energy generation in the thermonuclear reactions, ν -loss of energy due to the emission of neutrinos, gr -a small addition to the energy generation rate due to the core contraction resulting from the increase of helium abundance. The equation of heat transfer has the form of the Fick's equation in the radiative zone, where the absolute value of the temperature gradient is less than the adiabatic gradient. Inside the convection zone the temperature gradient is precisely adiabatic, apart from the very surface layers where the convective flows have a complicated structure and cannot be described by a simple onedimensional mixing-length theory. One also has to note that besides the outer layers of the convection zone the equation of state of the solar plasma can be accurately approximated by the ideal gas law: P = ρT µm H , where m H is a proton mass, µ is a mean molecular weight equal to the average mass of a particle species inside the mixture, normalized to the proton mass; Boltzmann constant is set equal to unity. The chemical composition is parameterized in terms of mass fractions X j of the chemical elements in a mixture: X = X H is a fraction of hydrogen, Y = X He corresponds to the fraction of helium, Z -to the fraction of metals, where all elements heavier than helium are called metals. Using the definition of the mean molecular weight one can easily express it in terms of the mass fractions in case of a fully ionized gas:
where A j and Z j are the atomic mass and charge corresponding to the j-th element; in case of metals we used an approximation (1 + Z j ) /A j 1/2.
Uncertainties of the theoretical model
While building the Standard solar model the most difficult part is to account properly for the microphysical processes, namely to calculate S-factors [10] of various thermonuclear reactions of the proton-proton and CNO cycles, as well as to find an opacity function of the solar plasma. S-factor calculation is a problem of nuclear physics that does not have a good analytical solution in the considered energy interval -one has to deal with the strong coupling regime of quantum chromodynamics. Moreover, the parameters of the solar plasma are such that an interaction between two nuclei is highly unlikely and so it is not possible to study this process under solar conditions in a laboratory. Nevertheless, these difficulties were partly overcome due to the effective theories of the strong interactions united with the extrapolation of the experimental data obtained for high energies [10] [11] [12] [13] . As a result, the error in the Sfactor values is now quite small so that it does not influence the errors of the theoretical determination of the thermodynamic characteristics of the Sun [9] , which are probed by helioseismological studies. Inaccuracy in the S-factor values is still a dominant source of error while calculating the solar neutrino fluxes. The other important error source is the opacity function of the solar plasma. In order to calculate it one has to account for the vast of possible atomic transitions, the essential contributions coming from light as well as heavy chemical elements, despite the tiny concentration of latter in the plasma. During the last 20 years, cumbersome numerical calculations of opacity were performed separately by several groups: OP [14] , OPLIB [15] , OPAL [16] . The opacities obtained are in agreement within the accuracy of several per cent. Besides, there was an experimental measurement of the opacity of iron at the temperature corresponding to the outer layers of the solar radiative zone [17] . At these temperatures the iron component of the solar plasma comprises about one fourth of the total opacity. The measured value turned out to be 7% ± 4% higher than the predicted theoretically value, that is why the B16 Standard solar models assume the possible error in the opacity profile can reach 7%. The recent measurements of the chromium and nickel opacities at solar temperatures [18] showed smaller disagreements with theory than for iron. Apart from the temperature and density, the arguments of the opacity function are the concentrations of heavy elements. The opacity function is very sensitive to the plasma metallicity, that is why the errors in the determination of metal abundances lead to the opacity errors. The total input opacity error is equal to the sum of the error arising from the opacity function calculation and the error arising from the determination of metallicity.
Opacity errors are the input data of the Standard solar models which become the prime determinants of the errors of the solar thermodynamic characteristics, namely the sound speed profile and the depth of the convection zone, because an opacity profile determines the thermal stratification of a given star. There is also a less trivial fact that an opacity profile greatly influences another output parameter of the Standard solar model -the surface helium abundance. Let us remind this fact by taking advantage of the equations (2.1). The equations of state and hydrodynamic equilibrium give:
Now let us substitute this expression for the temperature and the continuity equation ρ ∼ M/R 3 into the Fick's law:
Finally we use X + Y + Z = 1, Z X, Y , and the expression for the mean molecular weight (2.2):
The values of the solar luminosity and mass are fixed in the model, thus the opacity change must be compensated by the change in helium abundance. The helium abundance outside the core of the present-day Sun can be changed by tuning the initial helium abundance parameter. The change of the latter parameter determines the change of the solar surface helium abundance, given that the variations of elemental diffusion rates play a subdominant role [19] . Thus, the theoretical errors of the calculated surface helium abundance, as well as the convection zone depth and the sound speed profile are determined mainly by the errors of the input opacities, comprising the inaccuracy in the opacity function calculation and the inaccuracy in the metallicity determination.
Solar abundance problem
One of the input parameters of the Standard solar model is the ratio of the surface abundance of metals to the one of hydrogen (Z/X) . The surface abundance of metals is determined by several methods, including spectroscopic analysis of the solar photosphere and corona, chemical analysis of the meteorites, as well as theoretical modeling of nucleosynthesis with the use of the well-known experimental neutron capture cross-sections. Each method is good for some limited range of elements. Meteorite analysis allows one to precisely determine the relative fractions of the refractory metals [20] . In order to link these fractions to the abundances of other elements one calculates the abundance of Si independently with two different methods: both chemical analysis of meteorites and spectroscopy of the solar atmosphere. Thus, the ratios of the refractory metal abundances to the hydrogen abundance depend on the analysis of Si lines in the spectrum of the photosphere. Abundances of light elements Li, B, Be, C, N, O are determined directly from the analysis of the solar spectrum. In order to accurately determine abundance of a chemical element in the solar photosphere by its spectrum, one needs a good model of the solar atmosphere. Back in the very end of the 20th century the solar spectrum analysis was based on one-dimensional hydrostatic models of the atmosphere, with the assumption of thermodynamic equilibrium. The corresponding solar surface composition GS98 [21] was later significantly revised due to the development of realistic 3-dimensional non-equilibrium atmospheric models. Besides, previous works were shown to improperly identify an important oxygen line, leading to overestimate of the oxygen abundance [22] . The new solar chemical composition AGSS09 [23] differs from its predecessor by a significant metallicity decrease of the solar surface. The physical reasons of such a decrease were well-understood [24] . New atmospheric models allowed one to reconcile the abundances of C, N, O calculated using separately atomic and molecular lines. Nevertheless, despite all the advantages of the chemical composition AGSS09 its decreased metallicity turned out to be a disaster for the Standard solar model. Before going into details let us get away from the solar surface chemical composition and briefly discuss another important source of knowledge about the Sun -helioseismology [25] . Sun and other stars oscillate with the frequencies determined by their normal modes. These oscillations are caused by the motions of plasma in the convection zone and have very small amplitudes, so they can be described as linear adiabatic oscillations. The adiabaticity is violated in the solar surface layer, but the corresponding errors can be eliminated during the analysis. The waves corresponding to the oscillations of the different modes can penetrate deep inside the Sun, thus allowing one to precisely determine the inner characteristics of the Sun as soon as the frequencies of the oscillations at the surface are measured. In order to measure the solar oscillations precisely one needs a net of telescopes. In particular, the important data was obtained with BiSON net [26] and MDI experiment [27] on the board of SoHO observatory [28] . The frequency spectra obtained are subject to the procedure of the helioseismological inversion, involving Fourier transform of the spectra with the help of the linearization of the solar profiles near the theoretical profiles of some reference Standard solar model. For the scope of our analysis we will use the inversions of the BiSON net results [29] .
Helioseismology allowed one to determine characteristics of the Sun, such as sound speed and density profiles, depth of the convection zone and surface helium abundance, with a relative accuracy of several per mille or better. The relative accuracy of the theoretical prediction of these parameters in the frame of the B16 Standard solar models is somewhat lower, though it is also about several per mille. This allows one to make a constructive comparison between the theoretical calculations and the helioseismological results. It turns out that the helioseismological data do not agree with the Standard solar model, overall significance of the discrepancy being 4.7σ [9] . The discrepancy can be diminished by switching to the older high-metallicity chemical composition GS98 which yields the anomaly significance of 2.7σ. Due to the dependence of the discrepancy on the surface chemical composition the corresponding breach in the Standard solar models was called the solar abundance problem. The main source of the anomaly is the discrepancy between the model and the helioseismological sound speed profiles in the solar radiative zone, however the discrepancies of less significance are found as well in case of the other quantities, such as the depth of the convection zone and the surface helium abundance. One has to mention that the solar abundance problem concerns not only the solar physics, but also the astrophysics as a whole. The methods and theories which are used to describe the Sun are quite general and determine the physics of any other normal star, that is why the breach in the Standard solar model may lead to the misinterpretation of the observational data from other stars and stellar populations.
Studies of the solar abundance problem
Revision of the chemical composition of the solar surface and the subsequent emergence of the solar abundance problem motivated a lot of theoretical studies aiming to solve the problem, but none of them has succeeded to provide a physically justified non-contradictory solution. The first attempt at the solution we mention is to increase opacity function in the solar radiative zone. As it was mentioned earlier in the section 2.2, the opacity variation changes the predictions of the solar model concerning the parameters which are known from helioseismology: sound speed profile, depth of the convection zone and surface helium abundance. Lower metallicity of the solar model with the AGSS09 chemical composition makes the so-lar plasma less opaque. Since the model with the high metallicity GS98 is consistent with the helioseismology within 3 σ, it is clear that the solution to the solar abundance problem can be found by increasing the opacity function: the change in opacity due to the metallicity variation can be compensated by the change in the opacity function values themselves. Using the Standard solar model numerical framework one can determine the opacity profile which corresponds to the helioseismological data [30] [31] [32] . It turns out that in order to reproduce such a profile in the models with the chemical composition AGSS09 one has to increase the opacity function by 20-30%. As it was mentioned in the section 2.2, the comparison of the theoretical calculations of the opacity function between themselves as well as with the existing experimental measurements suggests much lower errors, not higher than about 7%. Thus, while the opacity increase could have been a straightforward solution to the solar abundance problem, the data we have do not allow us to consider it a viable one.
Another branch of the solar abundance problem investigations comprises studies of gravitational settling of metals inside the Sun: heavier elements settle towards the solar centre increasing a gradient of metal abundance. If one could enhance gravitational settling of metals in the solar models, the low surface metallicity would be explained by the metals leaving the surface faster while the metallicity inside the Sun would be higher. It was figured out that the required enhancement of the gravitational settling is too high to find a viable physical justification for it. Besides, this hypothetical scenario turned out to provide only a partial solution to the problem [33, 34] . Though there has been recently a work where the authors show that after taking advantage of the solar rotation this scenario can in principle reproduce the helioseismological data [35] , the physical justification for the main ingredient -enhancement of the gravitational settling -is still lacking. Thus, these attempts at the solution have the same status as the ones discussed in the previous paragraph.
Many other investigations of the solar abundance problem, such as a study of the influence of accretion on the solar models [36] , a revision of Ne abundance [37] , attempts at building the general non-standard solar models [38] and others, were not able to resolve the problem. The inability of the well-established physics to explain the anomaly gave impetus to the studies of the problem in the context of models beyond the Standard model of particle physics. In particular, authors of the work [39] considered a possible influence of hypothetical light particles (axion-like particles, chameleons and paraphotons) on the formation of absorption spectra in the photosphere: it was assumed that the spectroscopic data concerning the surface composition could be wrong due to a spectrum distortion in the presence of these hypothetical particles. In the work [40] the authors calculated the influence that a chameleon field could exhibit on the solar observables. Another investigation attempted at the reconciliation of the solar model with the helioseismological data involved hypothetical dark matter particles with a velocity or momentum-dependent cross-section of interaction with the ordinary matter [41, 42] . Presence of such particles inside the core could influence energy balance inside the Sun and therefore partially reconciliate the solar models with the helioseismological data. However, required dipole moments of the dark matter particles are well excluded by different dark matter search experiments. Moreover, required masses are quite small and lie in the region where effects of evaporation of the dark matter, that are not accounted for by the authors of the work, become important. None of the investigations discussed have succeeded to solve the solar abundance problem.
Non-diffusive energy transport solution
Problem statement
One of the easiest among the proposed solutions of the solar abundance problem is to increase the opacity profile in the solar radiative zone, though the physical mechanism which could lead to such an increase is not known. From the point of solar physics such an increase leads to a change of the thermal stratification of a star due to the variation of energy transfer parameters. Let us generalize this approach to the resolution of the solar abundance problem and wonder what energy transfer change is required to solve the problem.
In the particular case of diffusive energy transport the answer is already known: as it is discussed in the section 2.4, one needs a definite change of opacity in the radiative zone, which was calculated in the work [32] . Let us also mention that if one is interested in the only one helioseismological parameter, namely the sound speed profile, which is the main source of the anomaly, the requirements on the opacity change can be relaxed [30] . The global rescaling of the opacity does not influence the sound speed profile 1 , that is why from the point of the sound speed profile the opacity increase in the radiative zone is equivalent to the opacity decrease in the core. A less opaque core can be constructed by establishing a new diffusive energy transport inside the core. This is what the authors of the works [41, 42] use, trying to reproduce the helioseismological sound speed profile by putting appropriate dark matter inside the solar core. As it is obvious from the expression (2.5), the opacity decrease inside the core leads to a decrease of the surface helium abundance. The Standard solar model predicts an underestimated value for this parameter compared to the helioseismological value [9] even without this additional decrease, thus additional diffusive energy transport inside the core can provide only a partial solution to the solar abundance problem. Nevertheless, statistically this partial solution turns out not to be completely unacceptable: the statistical analysis presented in the work [42] discussing additional energy transport inside the core due to dark matter particles, showed that some of the models studied can reproduce the helioseismological data with the probability about several per cent. This means that the required opacity increase, calculated in the work [32] , can be complemented by a small global opacity rescaling. If the rescaling is small enough, agreement between the corresponding solar model and the helioseismological data continues to be good. Now let us consider general non-diffusive energy transport, which has not been studied earlier in the context of solar physics. By the non-diffusive energy transport here we mean an analogue of radiative transport, because convective energy transport inside the solar core or radiative zone (not including the possible thin overshoot layer) is obviously not consistent with the helioseismological data. This analogue of radiative transport can be implemented via emission of some unknown particles from one region of the Sun, their propagation and/or capture inside the Sun and subsequent energy transfer from them to the solar matter within another region of the Sun. An example of such a mechanism will be discussed in the next part of our work. In the context of solar equations, generic non-diffusive energy transport can be parameterized by a loss of energy from one region of the Sun and its deposition into another. The additional terms will emerge in the right-hand side of the energy production equation of the system (2.1). This equation already contains a term characterizing the emission of 1 One can show that this is true by using the virial theorem -the total internal energy of a star is proportional to the total gravitational energy: dm Gm/r = 2 · 3/2 P dV = 3 dm P/ρ ∝ dm c 2 s . The present-day solar radius is fixed in the solar model, so after the global rescaling of the opacity the left part does not change. Thus the sound speed cs does not vary as well. This argument was also checked numerically in the work [30] .
weakly interacting particles, namely neutrinos. Emission ( i < 0) of the other practically noninteracting with matter particles from the solar core and its influence on solar physics were studied in many works, for example [43] [44] [45] [46] . In our general case we will allow the terms i to have any possible sign and will determine what energy loss/deposition profile is evidenced by the combined data from helioseismology, present-day techniques of the determination of the solar surface chemical composition and the theoretical opacity calculations. In order to do that, we will calculate the evidenced luminous flux power profile, which is tightly connected to the energy loss/deposition profile, as we show in the next section, and which is more convenient for theoretical investigation.
Optimal profile of luminous flux power
In order to determine the optimal energy loss/deposition profile let us first consider the solar equations (2.1) and perform a change of the independent variable from the radial coordinate to the mass one. The mass coordinate is normalized by the solar mass m ≡ M/M . The solar mass is fixed, so the mass coordinate lies in the interval [0, 1]. For the sake of convenience let us rescale other variables of the equations (2.1) as well. We definer
We remind that the Boltzmann constant is set equal to unity. We will omit tilde above the letters, assuming that all the variables are by default rescaled. In order to reexpress the system (2.1) in terms of the mass coordinate we divide all the equations by the second equation and calculate the derivative of the radial coordinate using the inverse derivative rule applied to the continuity equation. The resulting solar equations are:
• the hydrostatic equilibrium equation:
• the continuity equation:
• the energy production equation:
3)
• the energy transport equation:
• the equation of state:
where the numerical coefficients ξ 1 and ξ 2 are defined as following:
We neglected the energy deposition gr , which originates from the gravitational restructuring of the Sun, because the present-day Sun practically does not change its structure, though we added the terms i , which parameterize the additional non-diffusive energy transport. Now let us consider the energy production equation (3.3) and integrate it in order to find the expression for the luminous flux power:
We note that the luminous flux is equal to zero l (0) = 0 in the solar centre, which can be easily understood by symmetry considerations as well. There is another boundary condition on the solar surface where l (1) = 1, for the luminous flux power on the surface must be equal to the well-known value of the solar luminosity. In the framework of the Standard solar models there is no term i i in the integrand of the equation (3.7), that is why the boundary condition on the surface can be written as following:
where the SSM index denotes that the function is calculated within the framework of the Standard solar model. The integrand is determined by thermonuclear reactions rate inside the Sun. If 1 0 dm i i = 0, the boundary condition on the surface requires a change of the rates of these reactions: nuc − ν = ( nuc − ν ) SSM . Let us express a general addition to the energy loss/deposition profile in the following way:
we have separated the part corresponding to the non-diffusive energy transfer itself. The value¯ determines the total power deposited inside the solar plasma by unknown sources or lost from the plasma through unknown energy sinks. The output parameters of the solar models which are sensitive to¯ are values for the neutrino fluxes, because the total power of the solar thermonuclear reactor changes by¯ . The function i˜ i (m), which determines the variation of the luminous flux power profile l (m), does not influence total power of the thermonuclear reactor. In order to find the required additional energy transfer i˜ i (m) let us calculate the variation of l (m) with respect to the B16 Standard solar model, which is required to solve the solar abundance problem.
Let us consider two solar models -the Standard solar model and the model with the additional energy transfer i˜ i (m), which solves the solar abundance problem. All quantities of the second model will be equipped with tilde, while all quantities in the first one will remain just Latin letters. We denote δx ≡x − x which quantifies the difference in the value of the parameter x between the two models. For a finite change of the product of two quantities a · b ∝ c one can write:
independently of the proportionality coefficient. This expression is valid in case a, b = 0. If the relative change of a or b is small compared to unity, the last term can be neglected. In the general case of the product of several quantities only cross-products of the comparable to unity relative changes are significant. Quite analogously one can write for the ratio of two quantities a/b ∝ g the following:
In order to calculate the required variation of the luminous flux power profile l (m) let us use the Fick's law (3.4) and substitute the radial coordinate according to the hydrostatic equilibrium equation (3.1). As a result we get an expression which is valid at each point m:
Opacity is a function of density, temperature and metallicity. Metallicity in the models under consideration is fixed by the solar composition AGSS09. The dependence on density and temperature at each point m can be parameterized by two coefficients α and β : κ ∝ ρ α t −β . For example, in case of the Kramer's law, which is violated inside the Sun due to the significant contribution to the opacity from the bound-bound atomic transitions, these coefficients have well-known values α = 1, β = 7/2. We use OPAL opacity tables [16] as well as interpolation routines [47] in our calculations. We find an opacity function for the plasma with the chemical composition AGSS09 and the helium abundance, determined by the helium abundance profile of the B16 Standard solar model [9] . The calculation of the coefficients α and β using the fixed helium profile is justified by the fact, that these coefficients only weakly depend on the helium abundance, which is almost the same in the two different models under consideration, as we show later. The opacity function is taken in 196 points from m = 0.005 till m = 0.980 -all the way through the radiative zone. After the interpolation we obtain the function o = log 10 κ (v, w) , where v = log 10 T, w = log 10 ρ/T 3 6 , T 6 ≡ T /10 6 K. The coefficients α and β are calculated:
Values of the coefficients as functions of the mass coordinate are given in Fig. 1 and 2 . The derivatives of the function o (v, w) were calculated at each point at temperature and density corresponding to the B16 Standard solar model. This is again justified by the fact that a difference in the temperature and density values between the two models under consideration is small. Let us show this smallness taking advantage of the helioseismological data [29] containing sound speed and density profiles as well as a value for the surface helium abundance. The helioseismologically required changes in the sound speed and density compared to the B16 Standard solar model never exceed the level of several per cent, as it can be seen from is why having accounted for the smallness of the sound speed variation one can write:
According to the formula (2.5), mean molecular weight is determined by helium abundance. Given the surface helium abundance in the B16 Standard solar model Y = 0.23 and its helioseismological valueỸ = 0.25, one can calculate the relative variation of the mean molecular weight: δµ/µ ≈ 0.01. A significant change of the helium abundance in the centre of the Sun would lead to a large variation of the thermonuclear reactions rate which is possible only if = 0. This scenario is constrained by solar neutrino flux data. In particular, the results of the work [44] suggest that l loss < 0.1 ⇒ |¯ | < 0.1/ξ 1 = 0.2. The amount of helium produced by thermonuclear reactions in the solar core in the Standard solar model is Y nuc = 0.34. This quantity is proportional to the thermonuclear reactions rate, so we can easily calulate its change: δY nuc = Y nuc · |¯ | < 0.07. Taking into account that the total abundance of helium in the centre of the Sun in the Standard solar model is Y c = 0.62, we estimate the relative change of the mean molecular weight corresponding to the variation of the thermonuclear reactions rate:
Thus, the considered relative variations of density, sound speed, temperature and mean molecular weight are all much less than unity. Let us also show that |δp /p | 1. First we consider the continuity equation (3.2) . From this equation one can infer that ρ r 3 = const. Taking into account the smallness of the relative variation of density one can write:
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The following equalities hold as well:
The last equality is rewritten with the use of (3.14):
The function δρ/ρ is bounded and continuous, while the function r 3 is not negative by its meaning over any possible interval [0, m] , that is why one can apply the mean value theorem to the integral (3.16):
, which means that the relative variation 3 δr/r is small. Now let us consider the hydrostatic equilibrium equation (3.1), which gives the relation between the pressure derivative and the fourth power of the radial coordinate. Due to the smallness of the quantity r 3 , the quantity r 4 is small as well, that is why:
Now let us return to the formula (3.10) and substitute into it an expression for the opacity with the coefficients (3.11). Taking into account the smallness of relative variations of temperature and density as well as pressure derivative, we get an expression for the relative variation of the luminous flux power:
The latter equality is valid at any point of the radiative zone and the core, except for the point m = 0, where the boundary condition requires δl = 0. As a result, we get the following expression for the variation of the luminous flux power:
(3.22) Now we can see that theoretically, if one has accurate helioseismological inversions of sound speed and density as well as a value for the surface helium abundance, then, after having set some value for the parameter¯ , it is possible to calculate δc s /c s , δρ/ρ and δµ/µ profiles and finally determine the required δl/l profile according to the formula (3.22) . Nevertheless, the helioseismological inversions as well as the outputs of the Standard solar model (see section 2.2) have their errors, so a straightforward calculation of δl/l using the formula (3.22) does not fix the shape for the required variation of the luminous flux power. We will overcome these difficulties by taking advantage of previous investigations of the solar abundance problem, namely the hypothetical solution [32] to the problem by the opacity increase discussed above. We know that some special kind of opacity change can solve the solar abundance problem. Let us consider two solar models: the first one let again be the B16 Standard solar model, the second one -a model with the opacity change that solves the solar abundance problem. Analogously to our previous notation for the variation of some quantity from one solar model to another we denote the difference in x between these two models asδx. Then let us use the expression similar to (3.10) in order to relate the opacity variation to variations of other quantities:
Profiles of the luminous flux power in the two models under consideration differ by a function δ l nuc , which is not zero only within the solar core and corresponds to the change in thermonuclear fusion profile = nuc − ν due to variations of profiles of density, temperature and chemical composition inside the core. Let us justify the equality (3.23) by showing that the relative variation of power is small in this case. The equation (3.3) and the mean value theorem give: , respectively -one just have to put bar over deltas, for we deal now with the second pair of models. In each pair of models there are the B16 Standard solar model and the solar model solving the solar abundance problem. Both model-solutions, be it a model with the increased opacity function or a model with additional energy transfer, must reproduce the same helioseismological sound speed and density profiles, as well as the helioseismological value for the helium surface abundance. It means that δc s =δc s and δρ =δρ, which yields δp =δp . Profiles of the variation of mean molecular weight in the two pairs of models are in general not similar, because the variation of abundance of helium is composed of two main contributors: the variation of a parameter of the initial helium abundance δY 0 and the variation of helium abundance due to the change in the thermonuclear reactions rates δY nuc . From these two contributors, the surface abundance of helium is influenced only by the variation δY 0 . The surface abundance is fixed by helioseismology, so the following equality should hold: δY 0 =δY 0 . The increased opacity model does not change thermonuclear reactions rate, soδY nuc = 0, while the model with additional energy transfer can change these rates in case¯ = 0, that is why generally δY nuc = 0. Thus, the relative variations of mean molecular weight in the two pairs of models considered are related in the following way:
Now let us substitute all the variations with the bars in the right-hand side of the equality (3.23) with the variations without the bars according to the rules established above and subtract the equality that we get from the equality (3.22) . We obtain the following result:
We note that the total change of luminous flux power in the model with additional energy transfer is composed from the two parts: δl = (δl) nuc + (δl)˜ , where the first part originates from the variation of thermonuclear reactions rate inside the core due to the variations of temperature, density and mean molecular weight inside the core, while the second part originates from the additional energy transfer which we parameterized by the term i˜ i in the equation of production/loss of energy. The first part can be calculated given the parameter¯ . We are interested in the additional energy transfer required to solve the solar abundance problem, so in the left-hand side of our equations we leave solely the additional energy transfer profile (δl)˜ . In case¯ = 0 one gets δc s =δc s , δρ =δρ, δY =δY , so, as it can be seen from the equations (3.24) and (3.25), (δl) nuc = δ l nuc . Now we write the equality (3.27) in its final form: 28) which is valid at the point m = 0 as well. The last three terms of the equality (3.28) are not zero only in case¯ = 0 and only inside the core. Let us first consider the case¯ = 0 -the Sun does not lose or gain any additional amount of energy:
The quantityδµ is fixed by the helioseismological surface helium abundance:
We take the profileδκ from the work [32] , then we recalculate this profile as well as the profiles δc s /c s and δρ/ρ, given in the plots 3 and 4, from the radial coordinate to the mass one, using dependence of radius on mass in the B16 Standard solar model. Such switch of the coordinate is well justified, for the straightforward calculation of the integral (3.16) gives (δr) max = 0.003, which means that the total error of δl due to the coordinate change does not exceed 0.5%. Now that we have all the quantities from the right-hand side of the equality (3.29), we calculate the required variation of the profile of the luminous flux power (δl)˜ . Let us find as well uncertainties of the calculated profile. First, as it was discussed in the section 2, uncertainties of the profiles δρ/ρ and δc s /c s are of the same order of several per mille. For there holds the inequality α 2 β (see plots 1 and 2), one can neglect uncertainties of the density profile. Uncertainties of the sound speed profile δc s /c s are given in the work [9] , errors of the opacity profileδκ/κ -in the work [32] . Finally, uncertainties of the variation of mean molecular weight profileδµ/µ can be calculated via the formula Let us note that the formula (3.28) is valid only inside the core and the radiative zone, for we used the Fick's law which is not relevant in the convective zone. Nevertheless, it is easy to deduce that the convection zone does not have regions which emit or absorb significant amount of energy compared to the convective energy flows. Helioseismological sound speed profile in the convection zone agrees perfectly with the predictions of the Standard solar models, whereas the helioseismological helium abundance in the convection zone is higher than the calculations suggest. Due to the effective convective mixing, helium abundance in the convection zone is constant, so mean molecular weight is constant, too. Then the equality 12) suggests that the temperature change must be constant as well. To the contrary, the significant additional energy transfer inside the convection zone would lead to a change in the temperature gradient, i.e. to a non-uniform change of temperature. The contradiction we get shows that energy transfer inside the convection zone must be dominantly convective, with negligible contributions from the other means of energy transport. A boundary condition on the solar surface fixes the luminous flux power throughout the convection zone, so δl = 0 there. In the context of a solution to the solar abundance problem via additional energy transfer, it means that the luminous flux power should fall near the boundary of the radiative and convection zones from the value of about 1.26 L (see plot 5) to its surface value equal to the solar luminosity L . Thus, the solar model can be reconciled with the helioseismological data if one assumes emission of some particles at the boundary between the radiative and the convection zones, as well as energy transfer from these particles to the inner part of the Sun within the approximate region r ∈ [0.1, 0.3], see plot 5. Now let us consider the case¯ = 0; for certainty we assume¯ < 0. In this case emission and absorption are not equilibrated, i.e. a part of the particles emitted leaves the Sun. Let us parameterize this part by the term loss in the sum i i in the equation has a direct impact on the power profile. This part is loss (m) −¯ , which means that it equals −¯ at each point, apart from the region of the emission, where it has a well. The corresponding profile of power variation is a linear function before the emission region, then it falls steeply down to negative values and after the emission region it comes linearly to zero, with the same tilt as before. Obviously, a maximum variation of power can be reached if one puts the emission region as close as possible either to the centre of the Sun or to the convection zone boundary, i.e. at the ends of the interval [0, m CZ ], where m CZ = 0.978 is a point on the boundary between the radiative and convection zones. In case of emission from the solar centre, δl < 0 almost everywhere (except for the very centre). As it can be seen from the plot 5, we need an increase of power in the radiative zone in order to alleviate the solar abundance problem, so this scenario only enlarges the discrepancy between solar models and helioseismology. To the contrary, emission of particles at m = m CZ yields a linear increase of the power variation as a function of mass coordinate and then its steep fall at the boundary between the radiative and convection zones. This behaviour seems to have common features with the plot 5, however now we have to account for changes of the required power variation inside the core due to the last three terms in the equality (3.28), because we consider the case¯ = 0. These three additional terms can be estimated using the formulae (3.13), (3.24), (3.25) , in particular we find: 31) so that this term is negligible and an error from the rough estimate (3.25) does not influence the final result. The required variation of luminous flux power in the case¯ = 0.2, corresponding to the maximum possible energy loss, is given in the plot 6, along with the variation of power which can be obtained by adding a new energy loss source of the corresponding power to the radiative zone boundary. We see that the maximum possible energy loss is not large Moreover, what is even more important, the shape of the required change of a power profile becomes quite wavy inside the core, which cannot be accounted for in the simple model with an additional loss of energy. Actually, it is doubtful that there is any physical model that could provide such a complicated behaviour of the variation of a power profile. Thus, we conclude that the emission of particles from the Sun cannot solve the solar abundance problem. The case¯ > 0, the energy hypothetically being absorbed inside the Sun from outside, can be analyzed analogously to the case¯ < 0. The addition to a power profile in this case must be also linear with a mass coordinate outside the absorption region, but now the tilt is −¯ < 0. Such a behaviour cannot provide the required shape for a power variation profile δl˜ (m).
The energy loss from the Sun in the context of hypothetical extensions of the Standard model has been studied before with the aim to constrain the parameters of particle physics models. In particular, in the work [45] the authors use helioseismological data to get constraints which are better than the ones originating solely from the solar neutrino flux measurement. However, their results are valid only for the emission of particles from the central part of the Sun, while in case of resonant emission of transversely polarized hidden photons from the outer regions their numerical models could not give reliable results, as they say in the paper. Our work allows one to shed light on this difficult for the numerical calculations case: the moderate emission of particles near the radiative zone boundary partly eliminates the discrepancy between solar models and helioseismology, so an analysis of the helioseismological data cannot improve constraints on the corresponding particle physics models. There is yet another connection of our work to the studies of the effects which exhibit new hypothetical particles on the solar interior. As it was mentioned in the beginning of the section 3.1, global rescaling of the opacity does not influence sound speed profile, so if we are only interested in the reconciliation of the sound speed profile with helioseismology, we can add an arbitrary constant C to the right-hand side of the equality (3.29). In the case C = −0.26, the resulting power variation profile evidences additional energy transfer from the centre of the solar core to its periphery, see plot 7. This way to resolve the sound speed anomaly resembles the solution of this anomaly provided by the dark matter diffusive energy transport inside the core, see [42] .
Particle physics model
Resonant hidden photon emission
In order to solve the solar abundance problem in the context of the additional energy transfer discussed in the section 3 of this work we need significant emission of energy from the region of the boundary of the solar radiative zone. Such localized emission can emerge from resonant processes due to the mixing of WISP particles (weakly interacting slim particles, see [48] ) with photons. WISPs include such hypothetical new particles as axions, axion-like particles, hidden photons, chameleons etc. The existence of these particles is motivated from the theoretical considerations, coming from the string theory and/or from more direct attempts at the solution of some particle physics problems. Various laboratory experiments and astrophysical observations showed that if these particles exist in nature their non-resonant interaction with ordinary matter is extremely weak. Thus, the only significant interaction between these particles and solar plasma can happen within the resonant regime. In particular, in case of hidden photons, the resonant conversion occurs whenever the thermal photon mass ω pl is equal to the hidden photon mass m γ or to the hidden photon energy ω γ , depending on the polarization of the hidden photon (transverse or longitudinal, respectively); in this work we set the light speed equal to unity. 
After the diagonalization of the Lagrangian one can separate the fields corresponding to the two particles, which are ordinary and hidden photons. The mass of the ordinary photon must be equal to zero, which is not necessarily true for the mass of the hidden photon. One can give mass to the hidden photon e.g. by the Stueckelberg mechanism [49, 50] :
where the gauge is chosen where σ = 0. After the diagonalization of the Lagrangian (4.2) one of the fields becomes massless, while another gets the mass m γ = M 2 1 + M 2 2 . If m γ = 0, the ordinary photon can convert into the hidden one due to the kinetic mixing. The production of hidden photons inside solar plasma, including a resonant as well as a non-resonant case, was discussed in the works [51, 52] . In the mass region where the resonant production is possible, it surpasses by far the non-resonant one. The condition for the resonant production of longitudinally polarized hidden photons is ω γ = ω pl , so at any point of the Sun where plasma frequency satisfies the inequality ω pl ≥ m γ there is production of the hidden photons with some definite energy. Such resonant production encompasses a large region inside the Sun. On the contrary, the resonant production of transversely polarized hidden photons is characterized by the resonant region which is a very thin spherical shell, while the maximum of the resonance is reached at the same sphere for any energy of the hidden photons produced. Let us estimate the size of such a resonant shell if the resonance happens close to the radiative zone boundary:
for the width of the resonance is ∆ω 2 pl res = 2 ω γ Γ = 2 ω γ κρ · κ 0 ρ 0 (see [52] ), plasma frequency squared is ω 2 pl =
2πα(X+1)
memp ρρ 0 , where we used the fact that the number density of electrons inside solar plasma is related to the one of protons by the expression n e n H (1 + X) /2X, α is the fine structure constant. We see that the width of the resonant shell is negligible compared to the solar scale, so one can consider it a sphere. Such narrow resonant emission of energy close to the radiative zone boundary r 0.7 is exactly what we need in order to implement the first part of the additional energy transfer solution to the solar abundance problem, discussed in the section 3. The mass of the hidden photon corresponding to the emission from this region is m γ = ω pl (r = 0.7) = 12 eV. As it can be inferred from the work [53] , in particular from the Fig. 3 there, the resonant production of longitudinally polarized hidden photons is negligible compared to the resonant production of transversely polarized ones in this scenario, so one can consider the resonant sphere discussed above as the only source of hidden photons inside the Sun: all other possible sources are too faint in case m γ 12 eV. The power emitted can be calculated following the formula derived in the work [52] :
. In our normalized quantities the power emitted is given by the following expression:
Thus, if χ 1.5 · 10 −13 we get the required value ∆ (δl) −0.26 for the sharp decrease of luminous flux near the radiative zone boundary, see plot 5 and remember that there must hold δl = 0 in the convection zone. It is remarkable that the indicated value of the kinetic mixing χ 1.5 · 10 −13 given the hidden photon mass m γ = 12 eV does not conflict with any of the existing laboratory and astrophysical constraints, apart from those coming from the Sun, as it can be clearly seen from the exclusion plot in the Fig. 3 of the work [53] . The constraints coming from the Sun are derived from the energy loss argument under the assumption l γ = l loss : in order not to contradict values of the observed neutrino fluxes one has to impose l loss < 0.1, as we mentioned in the section 3. Thus, these constraints are no longer valid if l γ > l loss , i.e. if some of the energy emitted does not leave the Sun, but contributes to additional energy transfer, while losses of energy are small enough. The results of the section 3 show that in case one considers the solar abundance problem as an indication of the additional energy transfer or loss, the transfer must be indeed quite large while the losses small. In the next sections we provide an example of the mechanism realizing such energy transfer from the emitted hidden photons back to the solar plasma, thus justifying the chosen value for the kinetic mixing χ 1.5 · 10 −13 .
Stueckelberg extension
Let us add to the Lagrangian (4.1), (4.2) considered in the previous section an interaction of the gauge fields with the external currents J µ and J µ : 5) where the first current is responsible for the interaction with the Standard model particles, while the second -for the interaction with the particles from the hidden sector. The model we obtain was studied in the context of its possible signatures from collider physics and cosmology [54] . After the diagonalization of the kinetic as well as the mass sector of the model the interaction gets the following form:
where A µ γ is a hidden photon field, A µ γ is an ordinary photon field, ≡ M 2 /M 1 . The hidden sector particles entering the current J µ acquire an effective millicharge ε = e /e, where e is the gauge coupling constant of the hidden sector. This millicharge must be very small not to contradict various experiments and observations, see [55] . Let us suppose that the mass m c of the millicharged particles is much less than the hidden photon mass: m c m γ = 12 eV. In this case hidden photons are no longer stable and decay into millicharges. In order not to interfere with the results of the previous section 4.1 we also suppose that the coupling e is small enough so that the hidden photon decay length is larger than the width of the resonant shell. Let us estimate this decay length in the laboratory frame of reference:
where α ≡ e 2 /4 π; γ γ is a Lorentz-factor of the hidden photon, factor two in the numerator corresponds to the two transverse polarizations of the hidden photon. It may seem confusing at the first sight, but the average energy of the hidden photons is ω γ 1.5 T , which is by a factor of two less than the average energy of the ordinary photons. The spectrum of the hidden photons is shifted to lower energies, because the probability of the resonant conversion decreases as a function of energy, see [52] . Indeed, following that work, one can write the distribution of the transverse resonant hidden photons with energy:
which allows us to easily calculate the average energy ω γ :
We neglected the small quantity m 2 γ /T 2 1. From the estimate (4.7) one can see that in case e ∼ 10 −6 the distance travelled by a hidden photon before its decay is definitely larger than the width of the resonant shell (4.3) while it is negligibly small compared to the solar scale. The latter allows us to consider the region of the production of millicharges a sphere with a great accuracy. This sphere is the only significant source of millicharges inside the Sun, for the dominant contribution to the production of millicharges is provided by on-shell hidden photons while practically the only source of the hidden photons is a thin resonant shell discussed in the section 4.1. Direct production of millicharges through ordinary photons (∼ ε 2 α 3 ) is suppressed due to the smallness of millicharge ε and fine-structure constant α, see section 4.4 for the discussion of electromagnetic interactions of millicharges with the solar plasma.
Capture mechanism
Besides high temperatures which provide us with a large number of photons inside the solar plasma and thus with effects of the hypothetical hidden U (1) symmetry, the solar plasma has another feature -large magnetic fields. The millicharged particles of the model under consideration interact with the solar magnetic fields, so let us discuss what it is known about the structure of the magnetic field inside the core and the radiative zone of the Sun. Some information about it was extracted from the helioseismological data. We have not yet mentioned that apart from the parameters used by us to determine the required luminous flux power profile, the solar oscillation spectrum allowed one to infer the profile of the differential rotation of the Sun [56] . It was found that while the rotation of different layers inside the solar convective zone is highly non-uniform, the radiative zone of the Sun rotates as a rigid body. The transition layer between these two regions of the different rotation regimes is very thin -the estimates of its width are ∆ = (0.02 − 0.05) R [57] . The described rotation profile largely contributes to our knowledge about the inner solar magnetic field due to the Ferraro isorotation law [58] , which states that in a steady state of plasma the angular velocity is constant along the magnetic field lines. In particular, if there had been any magnetic field lines which cross the boundary of the radiative zone, then the differential rotation of the convection zone would be surely transmitted to the radiative zone during the lifetime of the Sun [59] . Thus, the existence of a sharp transition from one rotation regime to another suggests the phenomenon of the magnetic field confinement: the global-scale interior magnetic field of the radiative zone must not penetrate into the convection zone [60] . This interior magnetic field is a fossil field that is no way related to the magnetic fields of the solar convection zone which are responsible for the observed solar magnetism phenomena and which are being constantly produced and amplified by the solar dynamo mechanism in the upper part of the narrow tachocline region [61, 62] . Due to the phenomenon of the confinement the magnetic field of the radiative zone must have a toroidal structure: the poloidal component must be largely suppressed [63] . Very little is known about the strength of the toroidal field, the only upper bounds coming from the implications of the pressure this field would exhibit on the solar plasma, see [63] . These upper bounds range from several MG near the radiative zone boundary [64] till several tenth of MG in the inner part of the radiative zone [65] . We note that if there is a pressure of yet unknown origin exhibited on the magnetic fields within the radiative zone these bounds are no longer valid.
Let us estimate the Larmor radius of a millicharged particle with the energy ω c inside the interior magnetic field of the Sun:
(4.10)
We neglected the mass of the millicharges m c , because m c m γ T , and expressed the product e in terms of millicharge ε = e /e. The best existing constraints on the millicharge are the ones derived from astrophysics ε 10 −14 − 10 −13 [46, 55] . The energy of the millicharged particles which are produced near the radiative zone boundary is half the energy of the corresponding hidden photons ω c = ω γ /2 0.75 T 150 eV. Thus, one can clearly see from the formula (4.10) that for the allowed values of millicharge ε ∼ 10 −15 − 10 −14 the Larmor radius of the millicharged particles is very small compared to the solar structure scales. This means that the produced millicharges are captured by the magnetic field of the radiative zone and start to drift along the magnetic field lines. As it was discussed in the previous paragraph, these field lines do not enter the convection zone, so that the millicharged particles are trapped within the solar interior. The millicharged particles accumulate in the regions of the higher field, which should be situated closer to the solar centre (definitely not in the poles!) [63] , for the dominant component of the field must be a toroidal one. The exact structure of the toroidal magnetic field in the radiative interior of the Sun is not known, however, as the reader will see, for us it is only important that the millicharges be present within the spherical shell r ∈ [0.1, 0.3], where we assume the field not to change significantly. We have to note that the synchrotron losses of the millicharged particles are completely negligible being proportional to the tremendously small number ε 4 . Now let us outline a particular example of the implications of the capture mechanism discussed. Suppose that the light hidden sector field charged under U (1) symmetry is a Dirac field ψ and that there are some stable heavy fields from the dark sector charged under this symmetry as well which may constitute (at least part of) the dark matter content of the Universe. The light ultrarelativistic millicharged particles accumulated within the radiative interior are thermalized developing the Fermi-Dirac distribution. In order to ensure the chemical equilibrium of the millicharged gas we suppose that the heavy particles of the hidden sector are gravitationally clumped within the centre of the Sun and act as an analogue of a black body with respect to the dark radiation. The similar constructions were studied in the literature before [66] . The chemical equilibrium is maintained if the number of particles absorbed and reemitted is not less than the number of particles produced by the resonant hidden photon conversion:
c is the number density of the light millicharged particles, T c being their temperature, and r cl is the radius of the clump. Suppose that the equilibrium temperature T c ∼ keV, which will be justified later. Then the clump radius must satisfy the condition r cl 4 · 10 −7 R = 0.3 km, which is in agreement with the work [66] (the case of the mass m X = 10 GeV and the absence of interactions, for we impose α ∼ 10 −13 ). The interaction with the ordinary matter does not influence the thermalization process because it is much weaker (∼ ε 2 or χ 2 ) than the interaction between the millicharged particles themselves. Now let us consider the Sun in the beginning of its life, when the millicharged particles start to accumulate within the radiative interior. The emission of power l ∼ 0.2 from below the radiative zone boundary, discussed in the previous sections 4.1, 4.2, is constantly heating the ultrarelativistic millicharged gas. Its temperature increases until the heating rate is compensated by the cooling rate resulting from the interactions of the millicharged gas with the solar plasma. Then let us show that the millicharged gas inside the present-day Sun is in a stationary state. The total energy of the gas with the temperature T c ∼ keV can be estimated from above as E c, tot = 2ρ c · 4π · (0.7 R ) 3 /3 ∼ 10 47 erg, where ρ c = ρc = 7π 2 T 4 c /120 is the energy density of the millicharges. Then the time of the heating is roughly t h ∼ E c, tot /(0.2 L ) ∼ 10 6 yr, that is negligible compared to the solar lifetime. Thus, the heating and the cooling of the millicharged gas must be equilibrated inside the present-day Sun, which provides the additional energy transfer needed to solve the solar abundance problem. In the next section we calculate the heat flow from the millicharged gas to the solar plasma as a function of radial coordinate inside the Sun and find the parameters of the model which can reproduce the required profile of the luminous flux power found in the section 3.2 of this work.
Before proceeding to the final calculation let us show that the presence of the millicharges inside the radiative interior does not interfere with the results of the section 4.1 concerning the resonant production of the hidden photons. First, we demonstrate that the millicharged gas does not thermally modifies the hidden photon mass m γ = 12 eV:
where we used γ c m c 3 T c . Then we show that there is no energy flow due to the resonant conversion of the millicharged plasma hidden photons into the ordinary ones in the resonant region. For that, let us demonstrate that for the number density of the hidden photons in the plasma there holds n γ n γ · T /T c = 2ζ(3) T 4 / π 2 T c near the radiative zone boundary. The hidden photons can be produced due to the processes of the annihilation of the millicharged particles, their bremsstrahlung and double Compton scattering, the latter two processes being suppressed by a small constant e 2 compared to the first. The annihilation rate is given by:
Then for the number density of the hidden photons inside the plasma one can write: 
Solar plasma heating
Now let us consider the interactions between the millicharged particles and the solar plasma. The parameters of the Lagrangian 4.6 that are favoured by the considerations of the previous sections are χ ∼ 10 −13 , e ∼ 10 −6 , ε ∼ 10 −15 − 10 −14 ⇒ ∼ 10 −10 − 10 −9 . Then it follows that the dominant interaction between millicharges and solar plasma is the Coulomb scattering (∼ ε 2 α 2 ) through the ordinary as well as the dark photon, the other interactions being suppressed by additional powers of ε 2 , e 2 or α. One has to note that charged particles propagating through plasma can yield Vavilov-Cerenkov emission of longitudinal plasmons [67] , in case the speed of the particles is greater than the thermal speed, as well as transition radiation [68] , in case the density of plasma changes along the trajectory of a particle. However, in our case the chemical potential of the millicharged gas is zero n c = nc, so there are no millicharge currents and neither Vavilov-Cerenkov nor transition radiation.
The main process contributing to the energy transfer from millicharged particles to solar plasma is the process of the (dark) Coulomb scattering of the millicharges on electrons.
The scattering on more heavy plasma particles is not significant, for the energy transfer is inversely proportional to the mass of the particle. Due to the smallness of the masses of the millicharged particles, the kinematics of the scattering coincides with the Compton scattering kinematics. The energy transfer in one act of scattering can be deduced from the 4-momentum conservation p e + p c − k c = k e , where p are incoming momenta, k -outgoing. We square this identity to get:
where ω c and ω c are the energies of incoming and outgoing millicharged particles, respectively; θ 1 and θ 2 are the angles between an incoming electron and an incoming and outgoing millicharged particle, respectively; θ is the scattering angle. Taking into account that the electrons are non-relativistic and that the main contribution comes from the small values of θ, one can write the following simplifying expressions:
. Now, having simplified the equality (4.14), let us find the change of energy of the millicharged particle:
The first term in the right-hand side of this equality does not have a definite sign, for sin θ 1 ∈ [−1, 1]. The angle θ 1 in each collision is uniformly distributed, so the energy transfer process can be considered a random walk. The number of the scatterings required to heat millicharge or plasma due to the first term is given by N ∝ T sin 2 (θ/2)/m e . Then the energy change can be written as:
where ξ is some constant that we will determine later. The differential cross-section of the process under consideration has the form of the Mott cross-section of the Coulomb scattering of a light relativistic particle on a heavy particle at rest (the velocity and the recoil of the electron can be neglected): 17) where x = 1 − cos θ. We have to integrate the product of (4.16) and (4.17) over the angle:
we have regularized the integral by adding a small parameter ψ to the denominator. The regularization accounts for the non-zero mass of the mediator, which plays a significant role in case x 1, i.e. small scattering angles. If the mediator is an ordinary photon, its effective mass ω pl depends on the position inside the Sun, while in case of the hidden photon mediator its mass m γ is constant. The non-zero mass of the mediator is equivalent to the presence of screening in the medium. Due to smallness of the millicharge ε and relativistic nature of incoming particles, the classical scattering theory does not apply and the minimum scattering angle is determined by diffraction effects: θ min = λ B /λ scr , where λ B = 1/ω c is de Broglie wavelength of the particle, λ scr = 1/k D is size of the screened region. For relativistic particles, the screening parameter k D equals plasma frequency (or hidden photon mass), so finally we get the following expression for the regularization parameter: 
The case of ordinary photon is completely analogous. There are also interference terms between the amplitudes involving two different photons, which result in the term proportional
. We discuss the regularization parameter ψ in such a detail, for some authors obtained different results. In particular, in the work [55] , where they consider inter alia the interaction of the relativistic millicharged particles with matter in the context of the SN 1987A explosion, the screening scale for the calculation of the transport cross-section was chosen in a different way:
, which is indeed a screening scale for the particles moving with the non-relativistic speeds comparable to or less than the speeds of plasma protons v ∼ T /m p 1 . However, a relativistic particle moving through such a plasma with the speed of light should experience less screening: k 2 D = ω 2 pl , for the screening scale is inversely proportional to the relative speed.
In order to calculate the energy transfer Q we sum the contributions from the ordinary photon, the hidden photon and the interference term and then find an average with respect to the energies of the millicharged particles ω c : The resulting profile of the variation of luminous flux power depends on the two parameters that we have not fixed yet: millicharge ε and temperature of the millicharged particles T c . We find out that introducing a small but non-zero parameter C, discussed in the section 3 of our work, one can fit the profile δl c to the profile of the variation of power which solves the solar abundance problem, see Fig. 9 . Let us remind that the parameter C is responsible for the rescaling of the opacity profile required to solve the solar abundance problem. This rescaling does not influence such "problematic" parameters of the solar model as the sound speed profile and the depth of the convection zone, however it worsens the agreement between the theoretical surface helium abundance and the helioseismological data [30] . By taking advantage of the formula (2.5) we estimate the additional change of the surface helium abundance due to the rescaling of the opacity C:
The rescaling is made within the model where the opacity has already been changed byδκ and the helioseismological value of the surface helium abundance has been reproduced. In case of the rescaling C = −0.07, the surface helium abundance decreases by 0.02 compared to the helioseismological value, which corresponds to the return to the value of this parameter in the B16 Standard solar model and the discrepancy with helioseismology that is not more than 2σ [9] . Thus, the model we discuss does not worsen the agreement between the surface helium abundance and the helioseismology compared to the Standard solar model, while reconciliating all the other solar parameters with their helioseismological values.
Conclusion
In this work we studied the solar abundance problem in the context of the hypothetical additional energy transfer inside the Sun. We analyzed the influence of the hypothetical additional energy sources or sinks inside the Sun on the solar abundance problem and figured out that the problem cannot be solved by neither emission nor absorption of energy alone. We showed that the solar abundance problem can be considered as an evidence of the additional energy transfer inside the solar radiative interior. We found the corresponding variation of the energy transfer compared to the Standard solar model by having calculated the radial profile of luminous flux power which is evidenced by the combined data from helioseismology, spectroscopy and solar neutrino detection experiments. The variation of luminous flux power found (Fig. 5) can be used to build a physical model which solves the solar abundance problem. In this work we presented an example of such a model: the massive dark vector portal with the millicharged fermions in the hidden sector. We found the parameters of the model which allow us to establish the additional energy transfer required to alleviate the discrepancies between solar models, spectroscopy and helioseismology, see Fig. 9 . These parameters are: millicharge ε = 10 −15 , kinetic mixing δ = 10 −13 , hidden U (1) group coupling constant e ∼ 10 −6 , hidden photon mass m γ = 12 eV, masses of the light hidden sector fermions m c m γ . The parameters found are in agreement with the existing experimental as well as astrophysical and cosmological constraints, the known constraints from the Sun on the kinetic mixing δ [53] being relaxed while considering energy transfer instead of energy loss. The proposed additional energy transfer solution to the solar abundance problem has well determined implications for future experimental tests. Even a low accuracy measurement of the neutrino fluxes from the reactions of the solar CN-cycle can provide one with the abundances of volatiles inside the core, thus directly probing the chemical composition of the solar interior [69] . If the observed metallicity of the interior is high, then the solar abundance problem has to be solved the other way, by explaining what is wrong with the current understanding of the solar chemical evolution or surface composition. Besides, it is possible that in the near future one finally detects g-modes of solar oscillations [70] , which will largely refine our knowledge about the inner structure of the Sun. Then one will see if the simple additional energy transfer outlined in this paper can still explain the solar abundance anomaly and if yes, what features this transfer must have. Finally, a very important role is to be played by future laboratory measurements of the opacity of different elements at solar temperatures, such as the recent experiments [17, 18] . These measurements along with the further theoretical work on the refinement of opacity calculations can largely decrease uncertainties in solar modeling and shed light on the details of the existing anomalies, providing an accurate profile of the additional energy transfer required to solve the solar abundance problem and enabling one to test the concrete physical models underlying this transfer.
